ABSTRACT Models of the human respiratory tract developed in the past were based on measurements made on human tracheobronchial airways of healthy subjects. With the exception of a few morphometric characteristics such as the bronchial wall thickness (WT), very little has been published concerning the effects of disease on the tree structure and geometrical features. In this study, a commercial software package was used to segment the airway tree of seven healthy and six moderately persistent asthmatic patients from high resolution computed tomography images. The process was assessed with regards to the treatment of the images of the asthmatic group. The in vivo results for the bronchial length, diameter, WT, branching, and rotation angles are reported and compared per generation for different lobes. Furthermore, some popular mathematical relationships between these morphometric characteristics were examined in order to verify their validity for both groups. Our results suggest that, even though some relationships agree very well with previously published data, the compartmentalization of airways into lobes and the presence of disease may significantly affect the tree geometry, while the tree structure and airway connectivity is only slightly affected by the disease. Anat Rec, 00:000-000,
The flow of fluids within biological systems has been a subject of increasing research intensity over the past few decades. In the context of gas flow within the tracheobronchial (TB) tree, the delivery of drugs in aerosolized form by inhalation for treating lung diseases or systematic delivery to the blood has necessitated the optimization of this form of therapy. The therapeutic result of such treatments depends on the delivery of aerosols to their intended site of maximum effect. For that reason, a number of studies investigating gas flow (Freitas and Schroder, 2008; Gemci et al., 2008; Lin et al., 2009; Choi et al., 2010; Katz et al., 2011) and aerosol deposition in the lung under various conditions were conducted (van Ertbruggen et al., 2005; Darquenne et al., 2011; Fleming et al., 2011) .
A unique aspect of studying biological flows, as opposed to engineering flows, is a lack of precise knowledge of the geometry. Since particle deposition is dependent on the geometric characteristics of the bounding structure within which the gas flows, that is, the airway tree, knowledge of the morphometry of this structure becomes essential. Two principal methods for conducting experimental measurements of the human TB tree have been reported in the literature. The first involves the ex vivo evaluation of airway dimensions of lung casts (Weibel, 1963; Horsfield and Cumming, 1967; Horsfield et al., 1971; Phalen et al., 1985) while the second, more modern approach, is the extraction of morphometric information through either High Resolution Computed Tomography (HRCT) (Seneterre et al., 1994; Eberle et al., 1999; Niimi et al., 2000; Sauret et al., 2002; Gono et al., 2003; Tawhai et al., 2004; de Jong et al., 2005; Olivier et al., 2006; Montaudon et al., 2007b; Montaudon et al., 2009; Robinson et al., 2009; Hoshino et al., 2010) or, more recently, through magnetic resonance imaging (Kauczor, 2003; Lewis et al., 2005; Coxson et al., 2009; Peterson et al., 2011) . These measurements were often utilized for the creation of anatomical models of either stochastic or deterministic nature (Weibel, 1963; Horsfield and Cumming, 1967; Horsfield et al., 1971; Soong et al., 1979; Yeh and Schum, 1980; ICRP, 1994; Phillips et al., 1994; Fleming et al., 1995; Schmidt et al., 2004; Montesantos et al., 2010) . Furthermore, with the help of improved computational techniques, 3D models simulating the bifurcating structure of the airway tree down to various depths were also developed Kitaoka et al., 1999; Sauret et al., 2002; Schmidt et al., 2004; Tawhai et al., 2004; Robinson et al., 2009; Montesantos et al., 2010; Politi et al., 2010) .
The ultimate purpose of this line of research is the prediction of gas flow and pharmaceutical aerosol deposition in diseased lungs. Several studies have investigated the transverse structure of individual airways of the upper bronchial tree (Generation 5) and their correlations to the rest of the airway tree (Gono et al., 2003; Kotaru et al., 2005; Olivier et al., 2006; Hoshino et al., 2010) in patients with various asthma severities. These studies mostly concentrate on the bronchial wall thickness (WT) and the lumen area as obtained through lung cast measurements (Wiggs et al., 1992) or medical imaging (Kotaru et al., 2005; Montaudon et al., 2009 ) and the correlation of these with lung function test parameters (Niimi et al., 2000; Gono et al., 2003; King et al., 2004; Aysola et al., 2008; Hoshino et al., 2010) or with ventilation distribution after methacholin-induced bronchoconstriction (Venegas et al., 2005; Tgavalekos et al., 2007) . However, very little information is available concerning the actual changes in geometry and the morphometric relationships of the remodeled airway tree. This has mostly been due to the lack of streamlined, validated processes for the segmentation, and measurement of the bronchi from HRCT images, which is an effect of the unconventional form the airways may take in diseased states. This article is concerned with the extraction of the morphometric information from the HRCT scans of seven healthy adults and six moderately persistent asthmatic patients through the three-dimensionally reconstructed models of their lungs using the VIDA Pulmonary Workstation 2 (PW2) software package (VIDA Diagnostics, Coralville, IA). The use of this commercial software is explained in some detail because of its growing use as a research tool (Aysola et al., 2008; Tzeng et al., 2008; Coxson et al., 2009) . The results were then analyzed to provide insights as to whether there are differences in geometry and connectivity between the healthy and asthmatic populations that extend beyond the lumen diameter and WT. Furthermore, a comparison with the data available in the literature was made in order to assess the consistency of our methods and the validity of some theoretical relationships used for models of the airway tree. Finally, certain aspects of intrasubject variability in different locations within the lung were investigated to evaluate the levels of geometrical nonuniformity at different lung regions in health and asthma.
METHODS

Clinical Study Overview
The HRCT images were captured as part of the protocol of a collaborative research project between Air Liquide Sant e International and the National Institute of Health Research Respiratory Biomedical Research Unit of the University Hospital Southampton NHS Foundation Trust (clinical trial EudraCT #2007-003563-43). The study is described in detail elsewhere (Conway et al., 2012) . Approval for the study was obtained from the local research ethics committee and the UK Administration of Radioactive Substances Advisory Committee.
In brief, the study included seven healthy subjects and six patients with moderate persistent asthma (GINA guidelines 2005) free from exacerbation for at least four weeks. The recorded FEV 1 values were between 76 and 101%, with daily incidents affecting physical activities. All subjects were male, nonsmokers between the ages of 20 and 58. Demographic and spirometric parameters are available in Table 1 . A Siemens Sensation 64 slice HRCT scanner (Siemens, Erlangen, Germany) was utilized to acquire 3D images from the top of the mouth to the base of the lungs. The acquisition was performed with the subject in supine position during slow exhalation against a resistance after a tidal breath. This maneuver was intended to image the glottal aperture in the open position. The imaging parameters were 120 kVp, 120 mAs, and a pitch of 1.0. The average effective dose of radiation for each subject was estimated to be 4.5 mSv. The captured 3D images have slice thickness of 0.75 mm, with pixel spacing varying between 0.55 and 0.65 mm and slice separation of 0.5 mm. The PW2 software was used for the image analysis and reconstruction. MATLAB software version 7.10 and SAS v9.2 were used for data processing and analysis. The HRCT images (Fig. 1 ) will be available in DICOM format at www.southampton.ac.uk/srig.
Bronchial Geometry Acquisition
PW2 allows for the semiautomatic segmentation and the 3D reconstruction of the human airway tree and the lung space as acquired by CT images. The first part of the process involves the acquisition of the bronchial tree and begins the segmentation of the air-path from the HRCT data using a filling algorithm. Because the software was not designed to treat the extra thoracic region, a seed must be manually placed at the carina to identify the main bronchi if it is present in the DICOM images; otherwise, the process is performed automatically.
The optimal output from this process is a single, bifurcating, or trifurcating volumetric representation of the tree; at this point, no unique identification of any distinct airways exists. This is available either as a 3D reconstruction of the volume or through a 2D mask placed on the HRCT images along each axis (Fig. 2a) . The routine, however, is often affected by uncertainties of airway wall boundaries caused by noise or simply a lack of resolution. The former usually creates multiple interconnected segments, which make for a very nonrobust tree structure (Fig. 2b) while the latter produces uncontrolled leakages of the airway mask to the parenchyma region (Fig. 2c) . Noise artifacts were treated through filtering while leakages were removed manually.
The automatic segmentation was generally effective for bronchi between Generations 1 and 5. Therefore, a number of airways that had to be added to the structure, even though they were previously unsegmented by the automatic routine, were visually identified. These existed mostly at the more "noisy" regions of the lung, such as the left lower lobe (LLL) where the heart motion increases image blurring. The airway addition was done either by manually masking regions on the 2D slices, or by seeding unsegmented points of the airway tree and then locally reapplying the automatic segmentation routine. Attention was given to the fact that the resulting supplementary airways must be connected to their respective parents. Additionally, they must be continuous and as robust as possible. For optimal results, a combination of both techniques was usually necessary; for the The age (years), height (cm), FRC (ml), FEV 1 (%), and FEV 1 /FVC (%) were recorded. All subjects are male. healthy subjects, airways down to Generation 9 (right lower lobe [RLL] ) were typically attainable. Special consideration was given to the scans of the asthmatic patients, where several artifacts such as airway stenoses, higher radii of curvature, or increased image noise were present (Fig. 3) . In the case of stenoses, it was sometimes necessary to generate thread-like connection to parent airways using the manual tools provided by the program.
Following the segmentation of the skeleton, that is, the central path of the resulting volumetric airway tree, was calculated. This was created using a 3D volume erosion algorithm and consists of the voxel-wide core of the airways between branches. The skeleton of the tree is required for the purpose of differentiating between bronchi, thus enabling the program to make the necessary morphometric computations per airway. The skeletonization process itself seemed to interact well with the 3D segment and is fully automatic. However, both siblings of an airway pair need to have enough length in order to be uniquely identifiable. For that reason, in cases of very high asymmetry, in some types of trifurcations, in highly irregular structures such as the ones present in disease or, finally, in lung depths where the airways have insufficient length, the technique failed to distinguish between separate paths. In such instances the whole resulting subtree was erased.
The anatomic labeling of the airways was based on the standard atlas of PW2. Each airway was assigned a unique identification number and, for airways down to the sublobar level, an anatomic name also. The atlas assumes 10 sublobar regions for the right lung and nine for the left lung; the airways were named accordingly based on relative position and connectivity criteria. Due to strong intersubject variability a number of airway trees deviated from the standard atlas. Therefore, the automatic method sometimes failed to recognize the correct bronchi. As the computation routines of certain features such as airway generation are affected by labeling, manual renaming of the airways was performed prior to the automatic measurements of bronchial geometry.
Lung Volume Acquisition
The PW2 software was also used to obtain the lung and lobar volumes. The lung position in the 3D space was defined by the reconstructed tree, and an automatic routine was used for the identification of the lung space. The hilar lung region is very irregularly shaped (Fig. 4a ) because of the increased tissue and blood-vessel concentration in this region. As this had the effect that some centrally located airways were calculated to be outside of the estimated lung volume, a number of manual corrections were required. The intervention was performed via masking the relevant regions of interest (ROI) directly on the HRCT slices. A smoothing filter was then applied to ameliorate the abrupt shape changes and impose a degree of regularity on the lung outline (Fig.  4b) .
The extraction of the lobar volumes was semiautomatic and involved the identification of the main lobar blood vessels (automatically or manually) and the intralobular fissures. The resulting lobar masks were available for examination by the user, in both 2D and 3D (Figs. 5a, b) . In the case where the software failed to segment the lobes realistically, an alternative technique was available for dividing the volume of each lung into three subdivisions of roughly equal dimensions. However, this was not considered necessary for any of the subjects under investigation. A combined view of the bronchial tree along with the realistic lung lobes can be seen in Fig. 5b . The investigation of sublobar spaces was not in the scope of this study and, for that reason, lobar subdivision was not pursued.
RESULTS
Structural Variability
Figures 6a,b are three-dimensional illustrations of the structural intersubject variability inherent to the human lung. In Fig. 6a , different possible arrangements of the right upper lobe (RUL) in healthy individuals are shown. Similar variabilities were also found in right middle lobe (RML) and RLL (Fig. 6b) . On some occasions, even the anatomical characterization of the bronchi was not uniquely identifiable. For example, see the unexpected trifurcation present at the sublobar level of the RML (airways marked as T1, T2, and T3) in Fig. 6b .
More specifically, the classification of the bronchi revealed that the most frequent segmental configuration of the RUL was a trifurcation (3/7 healthy and 3/6 asthmatics), with the second most frequently observed being the combination of the superior-posterior (RB 112 ) to the Anterior (RB 3 ). Two trifurcations were observed at the segmental level of the RML, both on the healthy subjects. The right subsuperior (RB*) segment is visible in 3/7 healthy and 5/6 asthmatics, while the left RB* was only observed in 3/7 healthy subjects. Finally, a variety of configurations was also observed in the basilar segments of the LLL, with the most common being the bifurcation between the anteromedial basilar (RB 718 ) and the lateral-posterior basilar (RB 819 ) segments (2/7 healthy and 5/6 asthmatics). Table 2 displays the number of delineated airways per generation against the total number of airways expected, if the airway tree is considered a strictly bifurcating structure (first number within parenthesis, the trachea being Generation 0). It can be seen that a successful delineation of airways is possible at 74.1% of Generation 5 airways for the healthy and 62.5% of the asthmatic patients, while these percentages drop to 26.8% and 10.4%, respectively for Generation 6. Furthermore, the presence of trifurcations, which were collected and listed also in Table 2 (second number in parenthesis), increases the number of airways measured as compared to a bifurcating model, especially in the more central portions of the lung where all the airways are expected to be recognized and segmented.
There are occasions where an anatomical trifurcation is reconstructed by the PW2 software as two consecutive bifurcations (subject H03, Fig. 6a ), with the use of a small, "intermediate" branch. These intermediate branches were also recorded along next to the trifurcations per airway generation for each lobe of each subject in Table 2 (third number in parenthesis). It can be observed that trifurcations, either simulated (with the use of intermediate branches) or labeled as such, can be commonly found below Generation 5 in the RLL and Generation 4 in the LLL. The RUL was more prone to present trifurcating structures than the left upper lobe at the segmental level, especially for the asthmatics.
Airway Morphometric Measurements
The main morphologic characteristics of the bronchial tree (diameter (D), length (L), branching angle (h), planar rotation angle (u), and average WT) are displayed in Table 3 for each generation and lobe, separately for the healthy and the asthmatic subjects. D and WT are the average values measured along the length of a segmented airway, L is the distance between start and end bifurcation points, and h is the angle between parent and daughter branches, each defined as a straight line. Finally, u is the angle between the parent and daughter planes. In trifurcations, two u angles are measured, that between the largest and middle diameter airways and the one between the middle and smaller diameter airway. The values for the trachea, the main bronchi, and the right intermediate bronchus are provided separately, since they do not belong to any lobe. The definition of 
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airway generation used is the one introduced by Weibel, 1963 , assigning a generation to all polyfurcating airways, including the "intermediate" ones.
The data in Table 3 reveal that the two clinical-study groups display similar trends for the separate lobes, with only the RML showing different behavior for the length and branching angle. It can be seen that the RLL Generation 3 bronchi are smaller in length but larger in diameter than the rest of the lobes. The average diameter per generation declines exponentially, with the diameter 25% higher in the RUL and RLL of the healthy group down to Generation 6, where a convergence to the same airway scale occurs. There is a large h in the root airways (defined as the first airways giving rise to distinct subtrees) of the upper lobes (between 55 and 65 ), which then declines to between 30 and 35 at Generation 6 (standard deviation is steady at 10 ). The pattern is different for the RML, where the theta gets close to 20
at Generations 5 and 6. The intersubject variability is considerable, with the average coefficient of variation calculated from Table 3 between 17% for D and 29% for h. Finally, a visible trend for higher WT exists in the asthmatic group. The average values per generation are compared to literature results in the graphs of Fig. 7 .
Certain important morphometric relationships available in the literature were also investigated, and the results are presented per lobe for the healthy and asthmatic subjects in Table 4 . The homothety ratio (HR), that is, the ratio of the diameters of two consecutive generations (Montaudon et al., 2007a) was obtained using the relationships
where D is the diameter, j is the Weibel generation, and eqs. (2) and (3) examine the HR for the parent-major daughter and parent-minor daughter pairs, respectively. It can be observed that, even though some intralobe differences might exist between the healthy and the asthmatic subjects (for example, the major daughter of the RML and RLL), the average HR values are very similar between the two groups. A least squares linear regression analysis examining the characteristics of the line that best fits the HR data obtained in this study was performed in order to assess the quality of the linear relationships provided by eqs.
(1-3), with the results displayed in Table 4 . The relationship holds relatively well for the healthy group, with an average determination coefficient R 2 5 0.7, which is much better than the asthmatic group (average R 2 5 0.51). The latter is heavily affected by the very bad fit of the linear model of the two lower lobes. Furthermore, the R 2 is consistently higher for the major daughter subgroup (average of 0.73 and 0.63 for the healthy and the asthmatic groups, respectively) than in the minor daughter subgroup (average of 0.66 and 0.51). The length-to-diameter (L/D) ratio was also calculated for each lobe ( 
Statistical Analysis
A series of analysis of variance (ANOVA) tests were performed between the morphometric parameters of the healthy and asthmatic groups in order to verify if the differences noted between them are statistically significant. The difference in average WT proved to be statistically significant (mean diff 5 0.12 mm and P < 0.001). The rest of the data displayed no statistically significant differences between the two groups, with the exception of the logarithm of D, which is borderline significant (P 5 0.066).
The Pearson correlation coefficient (r) was calculated between the morphometric parameters for each lobe Fig. 6 . a) A representation of intersubject variability, as displayed in the sublobar airways of the RUL of healthy subjects (H01, H03, H04, and H05). RB1, RB2, and RB3 denote the right upper apical, posterior and anterior bronchopulmonary segments respectively. RB 112 points to an intermediate airway. b) A representation of intersubject variability, as displayed in the sublobar airways of the right middle and lower lobes of healthy subjects (H01 and H04). RB4 and RB4 are the right middle lateral and medial segments, while RB6 to RB10 are the right lower superior, anterior-basal, medial-basal, lateral-basal, and anteriorbasal bronchopulmonary segments respectively. RB* is the right subsuperior bronchus. Finally, T1 and T2 are the medial and lateral bronchi of a RML trifurcation and T3 represents an unidentifiable member of the trifurcating structure.
separately to investigate if there appears to be any strong linear correlation between them (Fig. 8) . A moderate correlation (0.4 r 0.7) between D and WT was observed for the five lobes, with r between 0.31 in the LLL and 0.61 in RUL (P < 5 0.0001, Fig. 8b) . A correlation between D and h was also found for the middle and upper lobes of both lungs, which can be seen in Fig. 8c .
Finally, the fact that Fig. 8c suggests a correlation between D and h motivated an investigation of some theoretical relationships between these morphometric parameters. Two equations reported in the literature were examined. The first one, derived by Kamiya et al., 1974 for the minimization of volume at a bifurcation, is given by 
where D p is parent airway diameter and h is branching angle. The validity of these relationships was examined for the two clinical groups separately for each lobe using a paired t-test between all parts of eq. (4) and between the experimental and theoretical results of eq. (5). However, the analysis was inconclusive, neither confirming nor rejecting the above formulas, though eq. (5) was confirmed to be valid for the branches of the airway trees that displayed higher symmetry.
DISCUSSION Airway Tree Structure
The first part of this study deals with the methodology to extract morphometric information from HRCT images of the human lung using the commercial software PW2. The software uses validated algorithms to generate data through streamlined, automated procedures. However, there are several limitations to the quantity of the information provided without any user intervention; that is, how many airways are segmented and identified. The results of the segmentation, skeletonization, and identification of individual airways are prone to a number of artifacts due to either decreased image quality (low signal-to-noise ratio, motion) or algorithmic restrictions (multiple segmentations, leakages, and skeletonization issues), defects which are usually intensified in pathological lungs. Effects such as these can be observed in Figs. 2b-d . It has to be mentioned that a newer version of the software, which is already commercially available, is reported to obtain results deeper in the tree with much less user intervention (http://www.vidadiagnostics.com/).
The delineation of the airway tree seems to be robust down to Generation 5, especially in the lower lobes. This is shallower than the theoretically optimal resolution expected by modern HRCTs. A possible reason for this is the relatively high asymmetry at certain parts of the tree, where the minor daughter size is so much smaller than the major one that no unique segmentation is achievable. The result is often a discontinuation of airway tree segmentation, even though the distal subtree might contain several high-quality airway samples. Similarly, in regions with complicated bronchial connectivity, such as the RUL of Fig. 6a or the right subsuperior segment (RB*, Fig. 6b ), the skeleton resulting from the algorithmic routine may be unrealistic. This effect can be seen in Table 2 , where the trifurcations and small In the parentheses are given i) the expected number of airways in a strictly bifurcating structure, ii) the number of intermediate airways, iii) the number of trifurcations, and iv) the number of paths terminating in each generation. The lengths, diameters and avg. wall thickness are in mm, while the angles are in degrees. The morphology of the trachea, the two main bronchi and the right intermediate are provided separately. All values are mean 6 STD. Parameters a and b conform to the equation y 5 ax 1 b representing the straight line fitted to the data while R 2 is the determination coefficient of the regression. Data are presented for generations 1-6.
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"intermediate" airways are given per generation and per lobe. Under these conditions, the skeletonization algorithm regularly fails to delineate the airways correctly. Finally, the left lung is especially prone to motion artifacts due to proximity of the heart; these artifacts often look like low attenuation regions or "shadows" in the parenchyma. However, the expansion of the airway tree beyond this generation is possible and, indeed, required for the acquisition of additional information on airwaytree morphology. Therefore, manual intervention by the user for the optimization of the 3D reconstruction is a significant part of the process.
As mentioned earlier, since the process is semiautomatic the manual segmentation of airways might not be accurate enough. This is especially true for the asthmatic lung, where airway segmentation is less successful due to some bronchial disease characteristics. One example is the bronchial stenosis shown in Fig. 3 . In some cases the lumen might not be visible at all for entire tree sections. These "invisible" subtrees are detectable intuitively, by locating subtrees that are not connected to any central airways. It is a subject for investigation whether these images represent permanent (or semipermanent) airway closures due to remodeling and inflammation of the bronchial wall (Wiggs et al., 1992; Pepe et al., 2005; Aysola et al., 2008; Zanini et al., 2010; AlMuhsen et al., 2011) , mucous plugging, or smooth muscle contraction.
Other characteristics of asthma that can affect airway segmentation include "spurs" at bifurcation points, where the lumen is compressed by increased WT, increased radius of curvature of the airways (probably due to the extra elasticity of the smooth muscle), and higher signal-to-noise ratios in the images, possibly due to extra attenuation from mucous secretions. Because of all these effects, the extraction of information from the Fig. 8 . Pearson correlation analysis between the morphometric parameters diameter, length, branching angle and WT. The results are presented per lobe, with *P < 0.05, **P < 0.005, and ***P < 0.0001. asthmatic images requires intuition, attention, and training on the part of the user. For that reason, a necessity exists for better algorithmic processes that eliminate user intervention to penetrate deep into the tree and quantify features such as the spurs or the levels of lumen caliber reduction. It is important to note that the 3D representation adds an important aspect to the investigation of clinically important defects, as many of the stenoses observed in our study were difficult to observe in the 2D HRCT slices.
A measure of the successful segmentation of the bronchi can be given by measuring the actual versus predicted number of airways (Table 2) . These results are within the expected range of the results published by Salito et al., 2011 for images captured at residual volume (Generation 5: healthy 33% and emphysema 11%) and images acquired at total lung capacity (TLC) (Generation 6: healthy 67% and emphysema 22%). However, Montaudon et al., 2007b managed to segment more than 100% of Generation 5 airways (healthy lungs), with this percentage dropping to 84% at Generation 6 and 14% at Generation 8.
It is unclear why this discrepancy in airway detection might exist between the different techniques for similar healthy groups. The most likely reason is that the difference in breathing regimes affected the size of the bronchi, making it easier to segment out individual airways in healthy lungs at TLC. Other possible factors are algorithmic or scanning device differences. It is worth mentioning the fact that segmentation penetrates deeper in the lower lobes suggesting the possibility of positive correlation between the gravity angle (Sauret et al., 2002) and airway size.
An important finding of this work is that significant differences in airway tree structure from the theoretical bifurcating tree structure were identified (Table 2) . In many cases, successive bifurcations are connected by small "intermediate" airways that may or may not be visible in the 3D object. The "intermediates" are important to the tree structure for several reasons, the most important of which is the effect they have on air flow and particle deposition, since bifurcations and trifurcations have different flow profiles (Choi et al., 2010; Gemci et al., 2008; van Ertbruggen et al., 2005) . It is important to note that there is no clear delineating distinction between a trifurcation and a short child airway. An implication to tree modeling is the imbalance they cause to the number of generations in a particular subtree, causing errors of a statistical nature. Therefore, some postprocessing of the data is always necessary in order to determine the "real" connectivity and, thus, the generation of all bronchi.
A broad range of studies exists investigating the airway remodeling in different diseases (Niimi et al., 2000; Gono et al., 2003; de Jong et al., 2005; Kotaru et al., 2005; Pepe et al., 2005; Olivier et al., 2006; Aysola et al., 2008; Hoshino et al., 2010; Al-Muhsen et al., 2011) . However, it is unclear if there is a higher probability for polyfurcations in different diseases. Generally speaking, there is a lack of studies in the literature correlating how diseases with genetic backgrounds affect the structure and connectivity in the airway tree or if there is a causality effect between a disease and particular types of connectivity structures. Some recent reports suggest that there is a connection between cellular dysfunction in prenatal stages of lung development and lung structure in the diseased lung postnatally, a fact that remains to be further investigated and quantified (Morrisey and Hogan, 2010) . The data presented in this study fall inside the categories described by Ghaye et al., 2001 , with the exception of the RM Lobe trifurcations, which has not been previously reported. However, not enough samples were available to enable any definitive conclusions.
Bronchial Morphometry
Homothety ratios. The calculated HRs, (eqs. (1)- (3)) were smaller than their theoretical optimal values (HR 5 0.79 [Weibel, 1963; Horsfield and Cumming, 1967] ). However, they compare very well to the values presented by Tawhai et al., 2004 and Montaudon et al., 2007b who found values closer to HR 5 0.71, with Tawhai also calculating the HR Major 5 0.79 6 0.12 and HR Minor 5 0.66 6 0.12. The regression analysis performed to assess the quality of these results (Table 4) indicates that the relationships hold relatively well for all the lobes, with the exceptions of the lower lobes of the asthmatic group, where R 2 < 0.5. A possible explanation for this would be that the asthmatic defects are localized (King et al., 2004; Kotaru et al., 2005; Venegas et al., 2005; Tgavalekos et al., 2007) and, therefore, might be more frequent in these particular regions of the lung. What is more important, though, is that some effects such as airway stenosis or collapse seem to persist even during nonexacerbation. It is unclear if there is a rule concerning the localization of the disease effects or if there is any mathematical rule that can be used to predict the position of these defects in the lung.
Relationships between airway lengths and diameters. Another popular relationship investigated in the literature is the ratio between bronchial L and D (L/D, Table 4 ). The average values per generation were examined for the whole lung and the L and D appear to decline at exponential rates similar to the literature (Figs. 7a,b) . The average lengths observed in our study were higher for the trachea and main bronchi (no difference found between clinical groups in ANOVA) and smaller between Generations 2-5, with convergence in deeper regions. Opposite to the length, the healthy group had a consistently higher diameter than the asthmatic group, although the difference is relatively small and statistical significance was not reached (P 5 0.066, ANOVA). This confirms the results available in the literature, which state that the level of airway impairment is correlated to the severity of the disease (Niimi et al., 2000; Gono et al., 2003; Pepe et al., 2005; Aysola et al., 2008; Montaudon et al., 2009; Hoshino et al., 2010) .
The decrease in diameter as a function of generation for the healthy group matches very well the previous literature, but our set is consistently higher in absolute values. This was unexpected since image acquisition was performed below TLC in our study as compared to TLC in the literature. Due to lack of more information, this type of effect cannot be assessed. Another possibility for the discrepancies between the diameter results is the different algorithms used for the calculation of the morphometric information.
The issues presented above indicate that there is a need for standard protocols for image acquisition and standardization concerning the algorithms and tools utilized for morphometric measurements. It has to be noted that the differences observed for Generation 6 and deeper can probably be attributed to the small number of samples at this lung depth. At Generation 5, where an adequate number of airways are detectable, there appears to be convergence between all datasets for both length and diameter.
The average values of L/D ratios calculated in this study, ranging between 2.4 and 3.5 with average std of $1.3 (Table 4) Weibel, 1963 found a value ranging between 2.8-3.25 while Kitaoka's model (Kitaoka et al., 1999 ) predicts a ratio between 2.94 6 0.35 and 3.17 6 0.56.
The high L/D variability in our and the Tawhai studies can be partially explained by observing the results in different lobes (Table 3) . Airway diameter decreases exponentially in all lobes where this is not true for the length, which displays higher variability. In addition, no statistical correlation was found between L and D in any lung location other than the RLL (Fig. 8a) . This result suggests the importance of adhering to local rules for airway tree modeling, since the average values often used in the literature imply trends that may be misleading and could possibly not be applicable on a local basis.
Relationships between diameter and WT.
Relationships between the airway lumen diameter and the WT have been well documented in the past for both healthy and diseased lungs (ICRP, 1994; Niimi et al., 2000; Gono et al., 2003; Hasegawa et al., 2006; Montaudon et al., 2007a, b; Aysola et al., 2008; Montaudon et al., 2009; Hoshino et al., 2010; Politi et al., 2010) . Figure 8b , displaying the results of the ANOVA analysis per lobe, confirms that such a correlation between the two morphometric characteristics exists and is statistically significant, though it might be somewhat less strong than indicated in the literature. However, WT is relatively difficult to measure either manually or through measurements performed on CT images. For that reason, some studies concentrated on particular representative airways such as the right upper appical segment (Niimi et al., 2000; Gono et al., 2003; Robinson et al., 2009; Hoshino et al., 2010) . As WT is very dependent on the algorithms used when obtained from automatic measurements (de Jong et al., 2005) not much data describing the WT throughout the bronchial tree have been published. The problem is illustrated through the graph of Fig. 7d , where our results are compared to the data given by Montaudon et al., 2007b . The relatively large difference between the two sets can only be attributed to the different methods used for the calculation of the WT, which amplifies the point made earlier concerning the use of common methodologies during data acquisition. It also has to be noted that the consistent difference between the healthy and the asthmatic groups confirms the hypothesis that predicts thicker bronchial walls for asthmatic patients (Niimi et al., 2000; Gono et al., 2003; Aysola et al., 2008; Montaudon et al., 2009; Hoshino et al., 2010) .
Branching angle u. The last morphometric characteristic examined in this study is the branching angle, which is plotted in Fig. 7c for a comparison between the two groups and some datasets available in the literature. The healthy and the asthmatic groups are very similar, with the only difference in Generation 2. However, the results are different to the literature data, with less variability between different generations and relatively close to the optimal value of 37 as calculated by Cumming, 1967 and Kamiya et al., 1974. Several factors may be responsible for these differences, with the most likely being the different measurement methods used. For example, the data presented by Yeh and Schum, 1980 , based on the Lovelace data produced by Phalen et al., 1978 , are based on manual measurements made on lung casts, which are known to be prone to deformation errors (Phalen et al., 1985; Sauret et al., 2002) . Furthermore, manual measurements are frequently biased and have very low repeatability due to their unsystematic nature. Another important factor is the relatively small datasets studied, a fact which tends to exaggerate the intrasubject compared to intersubject variation. This is better displayed when the lobar angles per generation (Table 3) are superimposed to the automatic measurements of Sauret et al., 2002 , with our data displaying a much more "regular" behavior having values in the expected limits between 30 and 40 . The treatment of trifurcations and "intermediate" airways may play an important role in the average values recorded in each study. Finally, the degree to which the breathing patterns in health and disease affect branching angle is also something that may be worth investigating.
It has to be mentioned that substantive conclusions can be drawn for h data only up to Generation 6, since after this generation the dataset becomes very sparse and is primarily dominated by the lower lobes. Because of the weak negative correlation between length and branching angle for the lower lobes (Fig. 8e) , the slightly larger lengths observed in those regions can account for the relatively small angles after Generation 6, which are measured to be close to 30
. These are expected to rise to values closer to 50 in deeper parts of the lung where gas transport stops being the dominant bronchial tree function, probably following a curve similar to the International Commission on Radiological Protection (ICRP) data (ICRP, 1994) .
The fact that the optimality relationships expressed by eqs. (4) and (5) are not found to be valid at the observable depth underlines the necessity for more datasets to become available in order to work out new rules based on a broader range of systematically obtained experimental data. Where tree-modeling is concerned, the use of eq. (4) by Kitaoka et al., 1999 was shown to generate a bronchial tree displaying a higher degree of asymmetry compared to the human lung. Furthermore, Tawhai et al., 2004 provided branching angle data for diameter ranges but no distinction was made to the location where the data are measured and, as discussed above, variations appear to exist between different lobes. It is also worth noting that no angular data exist in the literature for diseased lungs. We feel that this is an important omission, since the remodeling occurring in the bronchial tissue (Pepe et al., 2005; Aysola et al., 2008; Politi et al., 2010; Zanini et al., 2010; Al-Muhsen et al., 2011) because of the disease affects the elasticity of the airways, thus also affecting their orientation between different body positions and during different breathing conditions.
Modeling implications. It becomes obvious from the results presented above that in patients with asthma the average values per generation are not descriptive enough to express the full measure of airway dysfunction. For example, computational fluid dynamic simulations and interpretation of particle deposition images (SPECT/PET) may vary considerably with the detection of features such as stenoses or trifurcations. What is more, better relationships and methods of detecting, predicting and expressing local features and defects are necessary for the more accurate modeling of the airway tree in both health and disease. Furthermore, since the morphometric data are dependent on the algorithmic methods used for airway segmentation and measurements, a meaningful comparison between different datasets would require either one of two conditions to be true: (1) all the studies should be performed using the same or equivalent algorithms or (2) the differences between the algorithms are clearly understood and, if possible, quantified.
In summary, our current study did not reveal many trends or big differences between the healthy and the asthmatic group with any severe modeling implications. Both groups display equivalent diameter rates of decline with airway generation, with the healthy diameter slightly higher. The WT has a significant correlation to D and is larger in the asthmatic group, as expected due to remodeling. However, the L and h values did not seem to follow any established trend in different locations in the lung. Furthermore, the HR values might be similar between the groups, but with significant variability in the asthmatic population which is displayed by the bad quality of the linear regression performed. Finally, the number of samples was too small for any general trends to be observed concerning structural connectivity and the presence of polyfurcations.
CONCLUSIONS
This article was concerned with two themes. The first is a description of how HRCT and any automatic segmentation software, such as PW2, provide a powerful methodology for studying airway morphology. However, the methodology is shown to still be heavily dependent on user intervention, thus somewhat reducing the reproducibility and systematic character of the results. For that reason, it is important for better, more stream-lined methods to become available for use, especially since these tools can be invaluable for the study of disease and clinical applications, where disease imposes additional limitations to the current software.
The second theme of this article is the study of the airway tree as obtained through the particular methodologies and the investigation of the results in the context of mathematical modeling. The structure of the bronchial tree is highly variable; however, there is no quantification on the degree to which it is affected by disease, especially regarding the trifurcations and the "intermediate" airways. This suggests that a description of airway structure in terms of regular bifurcations needs to be updated. Furthermore, the first five generations of different parts of the lung seem to have different morphometric characteristics. These two issues are important when models of the airway tree are formulated, since a common practice in the literature is to follow rules based on a strictly bifurcating structure expanding similarly to the whole lung, which can be shown to be a misleading practice.
Finally, the study of some morphometric characteristics of moderate persistent asthma was attempted. Some trends and differences between health and disease could be established and compared with previously published data; however, more information is necessary to establish definitive rules that can be systematically reproduced when modeling the disease.
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